In a recent genome-wide association study, 40 Fleckvieh bulls with exceptionally poor fertility were found to be homozygous for a nonsense mutation in the transmembrane protein 95 (TMEM95) encoding gene. Ejaculates from these individuals exhibited normal sperm concentration, morphology, viability, and motility. However, only 1.7% of inseminations resulted in pregnancies. The aim of this study was to examine the effect of this mutation in TMEM95 on bovine sperm function in vitro. Sperm from homozygous (mt/mt) males had lower in vitro fertility than sperm from wild-type (wt/wt) or heterozygous (wt/mt) bulls (P < 0.01). In addition, early embryo division was affected in the mt/mt group (P < 0.01). This translated into a lower (P < 0.01) blastocyst rate at day 8. Fluorescent staining revealed that TMEM95 is lost after the acrosome reaction. This led us to hypothesize that TMEM95 might be involved in events that lead to sperm-oocyte interaction. After fertilization, a lower number (P < 0.01) of sperm from mt/mt bulls bound to the zona pellucida (ZP). Sperm from mt/mt bulls were also less able to penetrate oocytes with no ZP (P< 0.01). However, when sperm from these animals were injected into mouse oocytes, they could decondense as successfully as sperm from wt/wt bulls. No differences between genotypes were observed in the ability of sperm to retain motility in an ex vivo oviduct, or in the percentage of sperm exhibiting markers for capacitation and acrosomal reaction. These results suggest that fertilization failure in mt/mt bulls is due to the inability of their sperm to interact with the oocyte vestments.
Introduction
Although both male and female fertility are essential for efficient cattle production, most fertility studies have focused on the female contribution. However, since an individual bull can impregnate many females, either by natural mating or through artificial insemination (AI), a reduced fertilizing ability of one bull has a larger impact on herd productivity than fertility problems of a single female. Although many AI centers now use more sophisticated techniques to analyze the fertility potential of a semen sample, traditional tests that look at sperm concentration, motility, viability, and morphology are still predominantly used in the absence of other complementary tests [1] . While these techniques are useful as a first screening for impaired fertility sires, they do not account for multiple functional parameters that are required for sperm to be able to fertilize, such as their ability to interact with the oocyte. As a consequence, subfertile bulls with normal morphology and normal motility sperm frequently go undetected until such time that pregnancy records from several hundred or thousands of females are obtained [2, 3] .
In a recent genome-wide association study, male reproductive ability was assessed for 7962 Fleckvieh sires [4] . Their analysis revealed that 40 bulls with extremely poor fertility were homozygous for a 1386-kb segment on Chromosome 19. A nonsense mutation in transmembrane protein 95 (TMEM95) was considered as responsible for the poor reproductive performance of these bulls that show no alterations in sperm motility or morphology evaluations compared to sperm from heterozygous and wild-type bulls. However, out of 35,671 inseminations with these bulls only 1.7% resulted in pregnancies. Most alarmingly, this study found that the carrier frequency of this mutated gene has increased within recent years because the reproductive performance of heterozygous bulls is normal. TMEM95 is found in the sperm acrosomal region of heterozygous and wild-type bulls, but not homozygous bulls. Zhang et al. [5] found two alternative splicing variants of this protein in brain and testicular tissue of fetal Qinchuan cattle. In the same study, it was predicted that TMEM95 presents an N-terminal signal peptide, a Pfam domain-TMEM, a leucine-rich repeat C-terminal (LRRCT) domain, and perhaps most interesting, a Pfam domain-IZUMO [5] . Izumo1, a member of the Izumo protein family, is found in the acrosomal cap area of murine sperm, on both the inner and outer acrosomal membranes, and migrates to the plasma membrane at the beginning of the acrosome reaction [6] . Co-immunoprecipitation studies have shown the presence of other sperm proteins associated with Izumo1, suggesting Izumo1 forms a multiprotein membrane complex [7] . Sperm from Izumo −/− mice exhibit normal motility, reach the site of fertilization, bind and penetrate the zona pellucida (ZP), bind to the plasma membrane of the oocyte, but are unable to undergo membrane fusion [8] . As a result, Izumo −/− mice, but not Izumo −/+ , are sterile [8] .
In humans, defective sperm-ZP binding and ZP penetration are among the most common causes of unexplained infertility [9] . To bind to the ZP, sperm must undergo capacitation, a complex and poorly understood process that involves sperm plasma membrane lipid rearrangement, ionic alterations of sperm membrane potential, and increased tyrosine phosphorylation of sperm proteins. This process, which takes place in the female oviduct, primes the sperm to be able to respond to an intracellular increase in pH and Ca 2+ with the initiation of the acrosome reaction [10] . In addition, cholesterol efflux, which is characteristic of capacitation, initiates diffusion of lipid raft-like structures containing ZP-binding molecules over the sperm acrosome [11, 12] . Once capacitated, sperm are able to bind to the ZP, an event that stimulates acrosomal exocytosis by increasing intracellular Ca 2+ [13, 14] . This reaction releases the acrosome's soluble lysins, which has traditionally been considered as a method to facilitate the creation of a path in the oocyte ZP during penetration. Several mouse studies have recently challenged this model, as they have shown that murine sperm begin to acrosome react in the upper isthmus of the oviduct, and acrosome reacted sperm can adhere and penetrate the ZP [15, 16] . Consequently, disagreement currently exists regarding where the exocytosis reaction begins and how it is triggered. However, there is general agreement that sperm must acrosome react before fertilizing the oocyte. It is evident that in order for successful fertilization to take place sperm must be able to capacitate, acrosome react, bind and penetrate the ZP, and bind and fuse to the oocyte plasma membrane. Any alteration that impedes the sperm to carry out these diverse processes would result in reduced male fertility. To our knowledge, there is currently no literature available on the function of TMEM95 in any species. Because a mutation in this protein has such a dramatic impact on male fertility in cattle, by comparing sperm functionality of homozygous (mt/mt), heterozygous (wt/mt), and wild-type (wt/wt) bulls, this study has aimed to elucidate the function of TMEM95 in bull fertility.
Materials and methods

Reagents
All chemicals and reagents were purchased from Sigma Aldrich Chemical Co. unless stated otherwise. Frozen straws from Fleckvieh bulls were obtained from Bayern-Genetik GmbH.
Experiment 1: assessment of in vitro fertilizing potential
Over the course of six replicates, 572 in vitro matured oocytes were fertilized with sperm from wt/wt bulls (n = 2 bulls), 880 with wt/mt bulls (n = 3 bulls), and 1363 with mt/mt bulls (n = 5 bulls). Ovaries from cows and heifers were collected at a commercial abattoir and surface visible follicles (<2 mm) were aspirated to recover cumulusoocyte complexes (COCs). Good quality COCs (n = 90-100 per treatment, three replicates) were matured in TCM-199 supplemented with 10% (v/v) fetal calf serum (FCS) and 10 ng/ml epidermal growth factor (n = 50 COCs per well) for 24 h at 39
• C under an atmosphere of 5% CO 2 in air with maximum humidity. In each replicate, one straw from at least one wt/wt, one wt/mt, and one mt/mt bull was thawed in a water bath at 37
• C for 30 s. Motile sperm were selected by centrifugation through a 95%-45% discontinuous Percoll gradient (Pharmacia) for 10 min at 700 g, followed by a second centrifugation in HEPES-buffered Tyrode medium at 100 g for 5 min. Concentration was assessed using a hemocytometer and diluted to 2 × 10 6 sperm/ml in fertilization media containing 113.16 mM NaCl, 3.19 mM KCl, 0.2 mM NaH 2 PO 4 , 2 mM CaCl 2 , 0.487 mM MgCl 2 , 0.5 mM pyruvate, 12.79 mM NaHCO 3 − , 6 mg/ml BSA, and 10 μg/ml heparin. Matured COCs were washed in fertilization medium and transferred to fertilization dishes containing 250 μl of the same medium (n = 50 COCs per well). A volume of 250 μl sperm dilution was added to each well, to yield a final concentration of 1 × 10 6 sperm/ml.
Two wells were fertilized with the same bull in each replicate. COCs and sperm were co-incubated at 39
• C under an atmosphere of 5% CO 2 in air with maximum humidity. Approximately 20 h after fertilization, cumulus cells were removed and presumptive zygotes were cultured in 25 μl droplets of synthetic oviduct fluid supplemented with 5% FCS (n = 25 per well) under mineral oil until day 8 (day 0 = day of fertilization). Culture dishes were kept at 39
• C under an atmosphere of 5% CO 2 and 5% O 2 in air with maximum humidity. Cleavage was assessed 48 h after fertilization. The number of embryos at the two-cell stage at 48 h was also recorded in two replicates to give an indication early embryo cleavage which has been shown to be indicative of subsequent blastocyst formation [17] . Blastocyst development was recorded on day 8 and expressed over the total number of oocytes fertilized or over the number of cleaved embryos. Data were recorded for each individual bull and then pooled for each genotype in each replicate.
Experiment 2: fluorescent immunolocalization of TMEM95
Sperm from wt/wt and mt/mt bulls diluted in fertilization media (300 μl, 1 × 10 6 sperm/ml) were incubated overnight in eightwell glass slides (Merck Millipore) at 39
• C under an atmosphere of 5% CO 2 in air and maximum humidity to ensure sperm binding to the slides. After incubation, sperm cells were fixed with 4% paraformaldehyde/PBS for 30 min on ice, and permeabilized for 15 min in 0.2% Triton X-100/PBS. Samples were subsequently blocked with blocking buffer (4% BSA and 0.02% Triton X-100/PBS) for 1 h at room temperature. Samples were then incubated with anti-TMEM95 antibody (Primm Biotech, 1:250 dilution; Supplementary To determine whether the location of TMEM95 changes after sperm has bound to the ZP of the oocyte, sperm from wt/wt bulls were incubated with in vitro matured oocytes for 3 h as described in experiment 2. After incubation, oocytes were vortexed for 1 min to remove loosely bound sperm, and the same staining protocol described above was followed, with the exception of PNA incubation.
Slides were mounted with Mowiol and observed under an upright Zeiss Axio Imager M1 microscope. The samples were observed under ×40 and ×20 objectives. Images were captured and then analyzed with the AxioVision LE software (release 4.9.1 SE64).
Experiment 3: assessment of sperm interaction with the oocyte vestments and behavior inside the oocyte This experiment aimed to determine whether the results observed in experiment 1 were due to sperm from mt/mt bulls not being able to interact with the oocyte ZP or plasma membrane, or rather to not decondensing and forming a male pronucleus once inside the oocyte.
Assessment of sperm zona pellucida-binding ability and zona pellucida-free oocyte penetration COCs recovered from cow and heifer ovaries were matured in vitro as described above. Matured COCs were transferred to PBS drops and gently pipetted to strip them of cumulus cells. The oocytes used for the ZP-binding assessment were then placed directly in fourwell dishes with fertilization media (n = 30 oocytes per well). To determine whether sperm from mt/mt bulls are able to interact with the oocyte plasma membrane in the absence of a ZP, oocytes were incubated with 0.5% protease in PBS to remove the ZP and washed three times in PBS before being transferred to the fertilization dish (n = 30 oocytes per well). In each replicate, two wt/wt, two wt/mt, and three mt/mt bulls were processed as described in experiment 1. Three hours after fertilization, ZP-intact oocytes were vortexed for 1 min in PBS to remove any sperm that were not tightly bound to the ZP. Immediately after vortexing, oocytes were fixed in 4% PAF for 45 min, washed three times in PBS and mounted on a slide with Mowiol containing Hoechst 33342. Slides were observed under an Olympus BX60 fluorescence microscope, and the number of sperm bound to the ZP was recorded. For the sperm penetration assessment, ZP-free oocytes were fixed in 4% PAF 15 h after fertilization. They were then washed in PBS and mounted on a slide with Mowiol containing Hoechst 33342. Pronuclei formation was assessed under a fluorescence microscope (Olympus BX60).
Assessment of sperm decondensation in the mouse oocyte
The aim of this experiment was to determine whether sperm from mt/mt bulls can behave normally once inside the oocyte. A preliminary experiment injecting bovine oocytes confirmed the extensive literature regarding the low rate of pronuclear formation and embryo development after intracytoplasmic sperm injection (ICSI) in cattle in the absence of artificial activation of oocytes [18] [19] [20] [21] [22] [23] [24] . However, previous studies have shown that bull sperm is able to decondense and form the paternal pronuclei in hamster and mouse oocytes without any type of activation treatment [25, 26] . Thus, to avoid the confounding factor of artificial activation, we performed heterologous ICSI with murine oocytes to test whether sperm from mt/mt bulls can activate the oocyte in order to decondense and form the paternal pronucleus inside the female gamete.
All animal experiments were performed in accordance with Institutional Animal Care and Use Committee guidelines and in adherence with guidelines established in the Guide for Care and Use of Laboratory Animals as adopted and promulgated by the Society for the Study of Reproduction.
Mice were fed ad libitum with a standard diet and maintained in a temperature-and light-controlled room (23 • C, 14L:10D).
Metaphase II oocytes were collected from the oviducts of 6-to 8-week-old B6D2F1 female mice (Harlan Iberica SL) superovulated with 7.5 IU of eCG and, 48 h later, with an equivalent dose of hCG. Fourteen hours post-hCG administration, mice were sacrificed by cervical dislocation and the oviducts were removed and placed in M2 medium at room temperature. COCs were released from the ampulla with the aid of Dumont #55 forceps. Cumulus cells were removed by a 3-to 5-min incubation in M2 medium containing 350 IU/ml of hyaluronidase. After washing, oocytes were maintained in KSOM medium at 37
• C in an atmosphere of 5% CO 2 in air until use. Two wt/w bulls and two mt/mt bulls were assessed over the course of six replicates. To reduce the volume of medium introduced into the mouse oocytes, only isolated sperm heads were injected. In each replicate, a straw from a wt/wt and a mt/mt bull were thawed and washed through a 90%-45% Percoll gradient as described in experiment 1, and then washed in M2 for 5 min at 100 g. Samples were then aliquoted in 20 μl and submerged in liquid nitrogen without cryoprotectants. In other species, this has been shown to damage the plasma membrane and the junction between head and tail of sperm without affecting their ability to activate injected oocytes [27, 28] . Sperm samples were stored at -80
• C up to 2 weeks until use.
On the day of the injection, an aliquot from a wt/w and a mt/mt bull were thawed on ice and 500 μl of M2 medium was added to each sample. Samples were then centrifuged 3 min at 9000 g to further damage the membrane and increase the number of isolated sperm heads in the sample. After centrifugation, the supernatant was removed and the sperm pellet was mixed with 40-50 μl of a 10% polyvinyl-pyrrolidone (PVP-360) in M2 solution before being placed in the culture dish for microinjection.
The ICSI was performed in M2 medium at room temperature as described previously [29] . Briefly, one volume of sperm was mixed with five volumes of M2 medium containing 10% polyvinylpyrrolidone (PVP) to decrease stickiness. The ICSI dish contained a manipulation drop (M2 medium), a sperm drop (sperm solution in M2/10% PVP), and an M2/10% PVP needle-cleaning drop. Injections were performed with a PMM-150 FU piezo-impact unit (Prime Tech) and Eppendorf micromanipulators using a blunt-ended, mercurycontaining pipette (inner diameter, 6-7 μm). Oocytes were injected in groups of 10. After 15 min of recovery at room temperature in M2 medium, surviving oocytes were returned to mineral oil-covered KSOM and cultured at 37
• C in an atmosphere of 5% CO 2 air. After a 24-h incubation, oocytes were fixed in 4% paraformaldehyde for 30 min, washed in PBS, and mounted on a slide with Mowiol containing Hoechst 33342. Pronuclei formation was assessed under a fluorescence microscope (Olympus BX60).
Experiment 4: assessment of sperm ability to bind to oviductal epithelia and retain motility
To identify the potential effect of the TMEM95 nonsense mutation on sperm binding dynamics in the bovine oviduct, live cell imaging was used to investigate bound sperm motility at intervals over a course of 150 min as described by Kölle et al. [30, 31] . Live cell imaging in ex vivo organ cultures of bovine oviducts has shown that sperm are able to bind both along ampulla and isthmus [30] . Ampulla sections were used for this assay, as the wider lumen facilitates evaluation of sperm binding in comparison with isthmus sections. Bovine reproductive tracts were obtained immediately after slaughter from cows and heifers in the mid-luteal stage of the reproductive cycle. Oviducts were dissected from surrounding connective tissue, and 5-mm sections of the ampulla were isolated. Ampulla sections were opened longitudinally, pinned on Delta T dishes (Bioptechs) coated with a 2-mm layer of Sylgard 184 gel (Dow Corning), and washed three times with PBS at room temperature. The samples were then completely submerged in 1.5 ml HEPES buffer warmed to 37
• C. Sperm from four wt/wt bulls and four mt/mt bulls were thawed and washed in HEPES-buffered solution at 200 g for 5 min.
The supernatant was discarded, and the pellet was resuspended in 500 μl HEPES-buffered solution. Sperm motility was visually assessed before and after each wash by phase-contrast microscopy, and concentration was adjusted to 5 × 10 6 sperm/ml.
Delta T dishes with the ex vivo organ cultures of tubal tissue were transferred on to the Delta T microscope stage 2-3 h after isolation and were held at 37
• C. The buffer was replaced with the sperm dilution, and this was assigned as the "0 min" time point. After 2 min, an UmPL-40XW/0.7 water immersion objective, preheated to 37
• C using an objective heater (Bioptechs), was lowered into the sample to verify that sperm had started to bind and that cilia were beating. Following this, dishes were removed from the stage, placed in a closed petri dish containing moist filter paper (to prevent evaporation of the buffer), and maintained at 37
• C under an atmosphere of 5% CO 2 in air. Five 90-s videos were recorded using Streampix (Norpix) for all samples from the five regions 30, 90, and 150 min. A total number of 60 videos for wt/wt samples and 60 for mt/mt samples were assessed for bound sperm motility using ImagePro (MediaCybernetics). All videos were recorded using the Olympus BX51 WIF fixed stage upright microscope (Mason Technologies) and the EHD-SMX-155M camera (Chromaphor).
Experiment 5: assessment of sperm ability to undergo capacitation and acrosomal exocytosis
To analyze sperm capacitation and acrosomal status, flow cytometric analysis was performed in two wt/wt, three wt/mt, and three mt/mt bulls. Sperm was prepared as described in experiment 1 and concentration was adjusted to 3 × 10 6 sperm/ml. Sperm samples were then split into two groups: one received 5 μM Ca 2+ ionophore
and an equivalent volume of fertilization media was added to the second. Samples were incubated in an incubator at 39
• C under an atmosphere of 5% CO 2 and 5% O 2 in air with maximum humidity. At 0 h (T0), 1 h (T1), 3 h (T3), and 5 h (T5), a sample of sperm from each bull was taken and stained for 10 min with 5 μM merocyanine 540 (MC; Life Technologies), a reporter probe for phospholipid scrambling [32] ; 1 μM Yo-Pro-1 (YP, Life Technologies), a membrane-impermeable nucleic acid stain [32] ; and 0.5 μg/ml Alexa Fluor 647-conjugated-Arachis hypogaea (peanut) agglutinin (PNA; Life Technologies), a lectin that binds to the outer acrosomal membrane [33] . Sperm were then analyzed with a standard bench-top BD Accuri C6 flow cytometer (Becton Dickinson Biosciences, with a BD Accuri C6 software v. 1.0.264.21) which was calibrated according to the manufacturer's recommendations with the 8 and 6 peak beads. The cytometer is equipped with a 488-nm and a 633-nm laser. The 488-nm laser was used for the excitation of YP and MC, and their emission was filtered using 533 ± 30 nm and a 575 ± 25 nm band pass filters, respectively. The 633-nm laser was used for the excitation of PNA (675 ± 25). Filtered emissions were detected by photomultiplier tubes. A threshold of 40,000 in the Forward Scatter signal was applied to remove electrical noise, and very small events and samples were collected at the default low flow rate. For each sample, 15,000 single cells were recorded as " * .c6" files. Each assay was replicated three times. Titration of the dyes was carried out and Fluorescent Minus One controls were used for an initial gating. The gating strategy used can be followed in Supplementary Figure S1 .
Further analysis was done with FCS Express v.5 Flow Plus software (DeNovo Software). Percentage of cleaved embryos at day 2 (day 0 = day of fertilization) and blastocysts at day 8 after fertilizing in vitro matured oocytes with sperm from wild-type (wt/wt; n = 2 bulls), heterozygous (wt/mt; n = 3 bulls), and homozygous bulls (mt/mt; n = 6 bulls) for a nonsense mutation in TMEM95. Data reported as least-square means ± SEM. Different superscripts between treatment groups within cleavage or blastocyst rate indicate a difference (P < 0.01). Experiment 1.
Statistical analysis
Data were checked for normality and homogeneity of variance in the Univariate procedure of SAS (version 9.1.3; SAS Institute). Data that were not normally distributed were subsequently transformed prior to analysis. The data from IVF (cleavage rate and blastocyst rate) and ICSI (sperm decondensation rate) were subjected to arcsin transformation prior to analysis. The transformed data were used to calculate P values. However, the corresponding least-squares means and SEM of the nontransformed data are presented in the results for clarity. For all individual experiments, in vitro fertility data for the proportion of oocytes that cleaved and reached the blastocyst stage, and ICSI data for the proportions of oocytes with decondensed sperm were analyzed using the mixed procedure of SAS with a model that included treatment imposed as a fixed effect and bull as a random term. Interaction terms if not statistically significant (P < 0.05) were subsequently excluded from the final model. Differences among means were determined by F-tests using type III sums of squares. The PDIFF option and the Tukey test were applied to evaluate pairwise comparisons between means. For the oviductal binding experiment, statistical analyses were performed using Minitab software (Minitab Inc.). Sperm motility values were used as continuous variables. Sample group means at each time point were compared using ANOVA followed by post hoc t-tests using a Tukey honest significant difference multiple testing correction threshold of ≤0.05. For each genotype, analysis of residual values (Q-Q plots and Anderson-Darling tests) showed that all data were normally distributed.
Results
Experiment 1: assessment of in vitro fertilizing potential
Sperm from mt/mt bulls had a lower fertilizing ability than sperm produced by wt/wt or wt/mt bulls, as evidenced by a lower (P < 0.01) cleavage rate (26% vs. 72%, and 79% respectively; Figures 1 and 2) . Consequently, the number of blastocysts at day 8 after fertilization was much lower (P < 0.01) in the mt/mt group than in the wt/wt or wt/mt groups (1.5% vs. 27%, and 40% respectively; Figures 1 and  2 ). Individual cleavage and blastocyst development data for each bull are presented in Supplementary Table S2 . Interestingly, the percentage of embryos still at the two-cell stage 48 h after fertilization also differed between oocytes fertilized with sperm from mt/mt bulls or wt/wt and wt/mt bulls (P < 0.01). In the mt/mt fertilized group, 68% of the cleaved embryos were still at the two-cell stage at this time. In the wt/wt and wt/mt groups, only 13% and 10% of the cleaved embryos were at the two-cell stage, the remaining embryos being at a four-cell or greater cell stage (Figure 3) . Furthermore, cleaved embryos observed at day 2 were least successful in developing into a blastocyst in the mt/mt group in comparison with the wt/wt or wt/mt groups. This was evidenced by a lower blastocyst rate observed when blastocysts were expressed over the number of cleaved embryos rather than total oocytes fertilized (6% vs. 38%, and 59% respectively; Figure 3 ).
Experiment 2: fluorescent immunolocalization of TMEM95
After an overnight incubation in eight-well glass slides, sperm from wt/wt and mt/mt bulls were triple-stained with anti-TMEM95 antibody, PNA, and Hoechst 33342. The anti-TMEM95 antibody only bound to sperm from wt/wt bulls. The fluorescent pattern in these animals matches that of PNA ( Figure 4A and B1-2), suggesting that TMEM95 is located in the acrosomal region of bull sperm. The anti-TMEM95 antibody did not bind to acrosome-reacted sperm ( Percentage embryos at the two-cell stage at day 2 and blastocyst stage at day 8 (day 0 = day of fertilization) out of cleaved oocytes obtained after fertilizing in vitro matured oocytes with sperm from wild-type (wt/wt; n = 2 bulls), heterozygous (wt/mt; n = 3 bulls), and homozygous bulls (mt/mt; n = 6 bulls) for a nonsense mutation in TMEM95. Data reported as least-square means ± SEM. Different superscripts between treatment groups within cleavage, two-cell and blastocyst rate indicate a difference (P < 0.01). Experiment 1.
Experiment 3: assessment of sperm interaction with the oocyte vestments and behavior in the oocyte Assessment of sperm zona pellucida-binding ability and zona pellucida-free oocyte penetration Bull genotype influenced the number of sperm that bound to the ZP. Three hours after insemination, an average of 3 ± 1 mt/mt sperm was found attached to the ZP compared to 11 ± 2 sperm from wt/wt bulls or 24 ± 9 from wt/mt bulls (P < 0.01; Figure 5A ). Based on these results, and to determine whether the low fertilization rate of sperm from mt/mt bulls is due to an inability to interact with the ZP, ZP-free oocytes were fertilized with sperm from the different genotype bulls. Consistent with the observations above, only 13% of oocytes fertilized with sperm from mt/mt bulls exhibited two PN at 17 h after fertilization. In contrast, 82% of the oocytes in the wt/mt and 57% in the wt/mt groups were fertilized (P < 0.01; Figure 5B ). Thus, fertilization rate of mt/mt sires was reduced, regardless of the presence or absence of the ZP. Individual bull data for sperm ZP binding and penetration of ZP-free oocytes are presented in Supplementary Table S3 .
Assessment of sperm ability to decondense in the oocyte
To determine whether bull genotype had an effect on the ability of sperm to decondense once the oocyte vestments were bypassed, mouse oocytes (n = 175) were injected with sperm from one of two wt/wt bulls or one of two mt/mt bulls. The same percentage of sperm from both genotypes underwent decondensation in the oocyte (36% in the wt/wt group vs. 37% in the mt/mt group; Figure 6A) , as evidenced by the presence of a male pronuclei visible inside the mouse oocyte ( Figure 6B ).
Experiment 4: assessment of sperm ability to bind to oviductal epithelia and retain motility
Sperm from mt/mt bulls did not differ from those of wt/wt bulls in their motility when bound to ex vivo oviduct sections (P ≥ 0.05). Bound sperm motility remained consistent for both the wt/wt and mt/mt groups throughout the experiment, with an average of between 64.4% and 74.7% sperm displaying signs of motility respectively. Experiment 5: assessment of sperm ability to undergo capacitation and acrosomal exocytosis
In order to assess the ability of the different bulls to undergo capacitation and the acrosome reaction, sperm were labeled with MC, PNA, and YP, and analyzed by flow cytometry. Dead cells stained with YP were excluded from the analysis by gating them out. The analysis of the data was performed on single sperm as described in the Material and Methods section.
Incubation of sperm in the presence of Ca 2+ ionophore increased both the percentage of MC-and PNA-labeled sperm at all time points analyzed, in all samples. The highest percentage of MC labeling was observed at T1 in both the activated and nonactivated groups in all bulls (Supplementary Table S4 ). When examining the PNA labeling, three populations of cells could be identified, termed "low," "medium," and "high" PNA. The percentage of medium and high PNA labeled sperm was 1% or less in all animals at T0. In the presence of ionophore, by T1, 30%-40% of sperm in samples from all bulls were classified as high or medium PNA. This percentage remained stable throughout T3 and T5. The increase in PNA labeling in the nonactivated group occurred gradually and was highest at T5, when 20% of the population was medium or high PNA. No differences were observed between genotypes in any of the parameters analyzed.
Discussion
Fleckvieh bulls homozygous for a mutation in the TMEM95 gene exhibit extremely poor field fertility but have normal motility and normal morphology sperm, both before and after freezing [4] . This study aimed to identify the cause of such low fertility by comparing sperm functionality from mt/mt, wt/mt, and wt/wt bulls. The results show that oocytes fertilized with sperm from mt/mt bulls exhibit lower cleavage and blastocyst rates than those from wt/mt or wt/wt bulls; embryo development is compromised when oocytes are fertilized with sperm from mt/mt sires; fewer sperm from mt/mt bulls bound to the ZP in comparison with sperm from wt/mt or wt/wt bulls; sperm from mt/mt bulls were less successful in penetrating ZP oocytes; no differences were observed in the ability of sperm from wt/wt or wt/wt bulls to decondense inside mouse oocytes once the oocyte vestments were bypassed by ICSI; no differences were observed between genotypes in the ability of sperm to bind and retain motility in the oviduct; and no differences were observed between genotypes in the ability of sperm to capacitate or undergo the acrosome reaction in response to ionophore treatment. Finally, TMEM95 appears to be located in the acrosomal region of sperm, and is lost after acrosomal exocytosis. In a recent genome-wide association study, a population of 7962 Fleckvieh bulls were analyzed to identify traits related to male reproductive ability [4] . Forty bulls in the population with exceptionally poor reproductive performance were found to be homozygous for a nonsense mutation in the tTMEM95 encoding gene. None of the remaining bulls with normal reproductive performance were homozygous for this mutation. Ejaculates from these mt/mt sires exhibited normal sperm concentration, morphology, viability, and motility. However, out of 35,671 inseminations with these bulls only 1.7% resulted in pregnancies. This highlights the fact that, while a plethora of in vitro assays have been used to predict the fertility of a semen sample, these are poorly correlated with field fertility with only about 40% of the variation in male fertility being explained under the best circumstances [34] . As a consequence, field fertility data, particularly nonreturn rate or calving rate data, remain the most reliable means of assessing male fertility in cattle [3] . Only by increasing our knowledge on sperm physiology can we develop more accurate male fertility test. As such, mt/mt bulls provided an excellent model in which to study the role of TMEM95 protein in bovine sperm function.
Because no literature is available on TMEM95 and its role in sperm function, our first approach was to use semen from mt/mt, wt/mt, and wt/wt to fertilize oocytes in vitro. IVF bypasses all the challenges that sperm encounter on their way from the site of deposition (cranial vagina in natural mating or uterine body after AI) to the site of fertilization in the oviduct and ensures that a high number of sperm are in contact with relatively few oocytes, increasing their chances of fertilization. Because of this, IVF is routinely used as a therapeutic technique for the treatment of male subfertility [35] . In experiment 1, fertilization of oocytes with sperm from mt/mt bulls resulted in lower cleavage rates, as well as a lower blastocyst development rate at day 8 after fertilization, than oocytes fertilized with sperm from wt/wt or wt/mt bulls. Although blastocysts rate was higher in the wt/mt group in comparison with the wt/wt group, this is probably due to variability in bull in vitro fertility within these treatments. As it can be observed in Supplementary Table S2 , all bulls from the wt/wt and from the wt/mt have higher cleavage and blastocyst rates than the mt/mt bulls. The same trend is also observed in the ZP-binding and ZP-free oocyte penetration assays. The results obtained in IVF indicate that reproductive failure of mt/mt animals is due to processes that take place at the site of fertilization. In addition, when oocytes were fertilized with sperm from these bulls, early cleavage was affected. At 48 h after fertilization, approximately 90% of the cleaved embryos in the wt/mt and wt/wt groups were at or beyond the four-cell stage, in contrast to the mt/mt group, were only 32% of the fertilized oocytes exhibited more than two cells. Two possibilities might explain these results: cleavage kinetics might be affected in the mt/mt group, or developmental arrest is taking place at the two-cell stage in these embryos. The timing of the early cleavage divisions has been shown to be highly predictive of the ability of the embryo to form a blastocyst in many species including cattle [17] , mice [36] , and humans [37] [38] [39] . Furthermore, these results are in agreement with previously reported findings where timing of the first mitotic division was shown to differ between sires and could be used to discriminate bulls with high and low field fertility [40] . Consistent with this, the proportion of blastocysts was lower in the mt/mt group (6%) than in the wt/mt or wt/wt groups (38% and 50%, respectively), even when only cleaved embryos, rather than the total number of fertilized oocytes, were considered. Thus, it appears that even if sperm from mt/mt bulls manage to fertilize an oocyte, early embryo development is still compromised.
Fluorescent labeling of TMEM95 showed that this protein is located in the acrosomal region of wt/wt, but not mt/mt, sperm. This is in agreement with results reported by Pausch et al. [4] . In addition, results from the current study show that TMEM95 is lost after the acrosome reaction has been completed, and is not present in sperm that are tightly bound to the ZP. The location of the protein at the different stages of the acrosome reaction, along with the low cleavage rates observed in this study, led us to hypothesize that TMEM95 might be involved in events that lead to sperm-ZP binding. A lower number of sperm from mt/mt bulls were found bound to the ZP 3 h after fertilization than sperm from wt/mt or wt/wt individuals. To determine whether this was due to a failure of sperm to interact with the ZP, oocytes were separated from their ZP and fertilized with sperm from different genotypes. At 17 h after fertilization, oocytes were fixed to determine the presence of pronuclei. Surprisingly, sperm from mt/mt bulls were less successful in fertilizing ZP-free oocytes in comparison with the other two genotypes. The ZP-free hamster oocyte penetration is an assay that is used to analyze the ability of sperm to capacitate, undergo spontaneous acrosome reaction, and fuse with the plasma membrane of the oocyte [41] . If the low fertility rates observed in the mt/mt bulls were due to an inability to bind to the ZP, one would expect that once this barrier was removed, they would be as successful as wt/wt and wt/mt in fertilizing ZP-free oocytes. However, this was not the case in our study. In a recent study, bioinformatics analysis predicted that TMEM95 has an LRRCT and a Pfam: IZUMO [5] . Proteins containing LRRCT are involved in a variety of biological functions that include signal transduction and cell adhesion [42] . In addition, Izumo1 has been identified as the mouse sperm protein that binds to Juno, a GPIanchored receptor in the oocyte plasma membrane [6, 8, 43] . Sperm from Izumo -/-mice have normal motility, can migrate to the site of fertilization, bind to and penetrate the ZP [8] . However, although such sperm can bind to the plasma membrane of the oocyte, they are unable to fuse and fertilize the oocyte. It is possible, that in cattle TMEM95, which contains a domain that aligns with Izumo, is also involved in sperm-oocyte membrane fusion. However, this seems unlikely as TMEM95 seemed to be lost with the acrosomal membrane and the antibody did not recognize sperm bound to the ZP. It is important to remember that mt/mt bulls are not only homozygous for this mutation in TMEM95, but share a 1386-kb segment on Chromosome 19 for which none of the other fertile bulls are homozygous [4] . Therefore, although the mutation in TMEM95 was the most likely candidate for the subfertile phenotype, more factors could be altered that could directly impact sperm-oocyte membrane interaction and fusion in these bulls.
To further understand the low blastocyst rates observed in experiment 1 in the mt/mt group, mouse oocytes were injected with sperm from wt/wt or mt/mt bulls. Heterologous ICSI was performed to avoid the confounding factor of artificial activation of oocytes, which is needed in cattle due to poor pronuclei formation and embryo development in its absence [18] [19] [20] [21] [22] [23] [24] . When mouse oocytes were stained 24 h after injection, no differences were observed in the incidence of sperm head decondensation between bull genotypes. This suggests that sperm from mt/mt bulls are able to function normally once the oocyte vestments are bypassed. Therefore, the low rate of blastocyst development observed in this group is not due to a paternal effect on development and competence.
Based on the results from experiments 1 to 3, it would seem that TMEM95 plays a role in events that take place prior to ZP binding and penetration but that directly modulate these processes. In vivo, the interaction of sperm with the female reproductive tract environment is critical, as it leads to capacitation and the acrosome reaction, the final steps of acquisition of fertilizing capacity. After sperm cross the uterotubal junction, many bind to the epithelium of the initial segment of the isthmus, leading to the establishment of a sperm reservoir [44] . Different studies have linked the formation of this storage reservoir to the maintenance of sperm motility and fertility until ovulation occurs [45] [46] [47] . In fact, sperm incubated in the presence of oviductal cells are capable of developing hypermotility and maintain their fertilizing capacity after 30 h, as opposed to sperm incubated in the absence of these cells [47] . Only uncapacitated sperm are able to bind to the oviductal cells [48] . In this study, we showed that sperm from mt/mt bulls were as successful at binding to the oviductal epithelia and retain tail beating as sperm from wt/wt bulls.
Only sperm that have undergone the acrosome reaction are able to penetrate the oocyte. It is generally considered that the acrosome reaction is induced in bovine sperm by binding to the ZP. In fact, sperm cultured under capacitating conditions will undergo the acrosome reaction when exposed to solubilized ZP [49] . Capacitation primes the sperm to be able to respond to the increase in intracellular Ca 2+ , induced by ZP binding, with the initiation of acrosomal exocytosis [10] . Therefore, sperm that are unable to undergo capacitation are not able to undergo the acrosome reaction, bind to the ZP, and, ultimately, fertilize the oocyte. Because sperm from mt/mt bulls were not able to fertilize oocytes, even when the ZP was removed, we studied the possibility that they were unable to capacitate or acrosome react. To this end, sperm from the three different genotypes were incubated in fertilization media containing heparin, which induces sperm capacitation [50] , in the presence or absence of Ca 2+ ionophore A23187 to test whether they were able to respond to an increase in intracellular Ca 2+ and undergo the acrosome reaction [51] . Flow cytometric analysis revealed no differences between genotypes in the percentage of cells stained with capacitation or acrosome reaction markers at any of the time points analyzed. This indicates that the rates of spontaneous capacitation and acrosome reaction after thawing do not differ between genotypes, and that, when primed with an activator, sperm from mt/mt bulls are able to capacitate and acrosome react normally.
In conclusion, results of this study demonstrate that a nonsense mutation in TMEM95 is associated with a significant reduction in the ability of sperm to fertilize oocytes in vitro. This mutation does not affect the sperm ability to interact with the oviduct, capacitate, undergo acrosomal exocytosis, or decondense inside the oocyte, but alters the competence of sperm to bind to the ZP and plasma membrane of the oocyte.
Supplementary data
Supplementary data are available at BIOLRE online. Table S1 . Antibodies used in this study. Supplementary Table S2 . Effect of bull genotype (wild type = wt/wt, heterozygous = wt/mt, or homozygous = mt/mt) on cleavage and blastocyst rate at day 8. Data reported as least-squares means ± S.E.M. Different superscripts within cleavage and blastocyst rate indicate a significant difference (P < 0.01). Experiment 1.
Supplementary
Supplementary Table S3 . Number of sperm bound to the ZP and percentage of fertilized oocytes after fertilization with wild-type (wt/wt), heterozygous (wt/mt), and homozygous (mt/mt) bulls for a nonsense mutation in TMEM95. Data reported as means ± SEM. Different superscripts between bulls indicate a difference (P < 0.05). Experiment 2.
Supplementary Table S4 . Percentage of merocyanine 540 (MC) and Alexa Fluor 647-conjugated-peanut agglutinin (PNA) labeled sperm incubated in the presence (activated) or absence (nonactivated) of ionophore in wild-type (wt/wt), heterozygous (wt/mt), and homozygous (mt/mt) bulls. Data reported as means ± SEM. Experiment 4.
Supplementary Figure S1 Gating strategy followed in the flow cytometric analysis. Side scatter (A) and forward scatter (B) height and area were plotted against each other to identify single cells. Both merocyanine (MC) (C) and peanut agglutinin (PNA) (D) were plotted against Yo-Pro-1 (YP) to discard dead sperm. The dead population in graph D is not visible as the graph has been zoomed in to analyze the three different populations of PNA-labeled sperm. Experiment 4.
